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1.  Introduction  and  Background 


Quantum  dots  (QDs)  are  microscopic  particles  or  atomic  clusters  measured  on  the  nanometer 
scale  (10'9  m),  and  they  hold  many  optical,  electronic,  structural,  and  photoelectric  properties 
that  make  them  useful  in  a  variety  of  practical  applications  in  various  fields,  from  photovoltaic 
cells  to  light-emitting  diodes.  Studies  have  shown  that  nanoparticles  (NPs)  can  yield  high 
quantum  yield,  colloidal  stability,  and  conjugation  with  biomolecules,  making  them  useful  in  a 
wide  array  of  engineered  applications  (1).  One  major  characteristic  of  QDs  is  their  size- 
dependent  properties,  whose  emission  and  absorption  levels  can  be  adjusted  by  finely  tuning 
their  size  on  the  nanometer  scale.  Due  to  their  relative  sensitivity  to  particle  size,  methods  for 
synthesizing  QDs  with  modifiable  diameters  are  essential,  as  their  resulting  optical  properties 
directly  correlate  with  their  physical  dimensions.  The  ability  to  generate  microscopic  particles 
that  can  perform  a  wide  variety  of  tasks  makes  QDs  ideal  in  creating  small  and  cost-efficient 
electronic  devices.  Through  structural  and  spectroscopic  analysis,  this  work  will  test  the  various 
properties  of  gold  and  silver  QDs  engineered  toward  bionanomaterial  applications. 

A  wide  range  of  possible  methodologies  used  to  generate  QDs  are  available,  each  resulting  in  a 
variety  of  sizes  and  final  products.  QDs  can  also  be  generated  on  all  types  of  substrates  and 
hosts,  often  silicon-based  (2-6).  Each  method  had  different  effects  on  final  QD  characteristics 
(7).  One  method  involves  creating  a  silica  host  with  microscopic  pore  diameters  and  submerging 
the  host  in  chloroauric  acid  (HAuCfi),  filling  the  pores  with  metal  NPs  (5).  This  method  slightly 
affected  the  optical  and  luminescent  properties  of  the  QDs.  Other  methods  synthesize  gold 
nanoclusters  by  dissolving  chloroauric  acid  in  an  aqueous  PAMAM  (poly[amidoamine] 
dendrimer,  or  synthetic  polymers  with  repeating  monomer  units  of  CH2  -  CH2  -  CO  -  NH  -  CH2 
-  CH2  -  N)  solution  and  adding  sodium  borohydride  (NaBH4),  which  reduces  gold  ions.  This 
method  generates  differently  sized  fluorescent  gold  nanoclusters  that  exhibit  discrete  excitation 
and  emission  spectra  from  the  ultraviolet  (UV)  to  the  near  infrared  (IR).  Each  change  in 
luminescence  corresponded  with  a  different  peak  during  spectrum  analysis  (UY  corresponded 
with  AU5,  IR  with  AU31,  etc.)  (9).  Methods  even  exist  to  synthesize  alloy  NPs  using  ingredients 
found  in  nature  (10). 

However,  the  methods  used  in  this  study  involve  solution-phase  and  replacement  reaction 
synthesis.  This  method  of  generating  gold  and  silver  alloy  NPs  is  ideal  for  analytical  purposes 
because  of  the  ease  of  size  modification.  Gold-silver  (Au-Ag)  alloy  NPs  can  be  synthesized  by 
reducing  chloroauric  acid  and  silver  nitrate  (AgNOs)  with  sodium  borohydride  and  sodium 
citrate  (11).  The  size  of  the  particles  synthesized  could  be  increased  or  decreased  using  various 
initial  gold-to-silver  molar  ratios,  and  the  resulting  size  distributions  could  be  studied  in  a  variety 
of  ways  (12).  The  correlation  between  molar  ratio  and  luminescent  and  optical  properties  was 
explored,  and  the  study  found  that  a  general  increase  in  the  fraction  of  silver  to  gold  moles 
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1  J'J 

resulted  in  an  increased  maximum  wavelength.  This  relationship  followed  the  model  N  ,  also 
known  as  a  jellium  model,  with  N  being  the  number  of  atoms  in  a  cluster  (11).  As  many 
characteristics  of  QDs  rely  on  particle  diameter,  it  is  important  to  discover  a  possible  correlation 
between  fluorescence,  emissions,  wavelength,  and  particle  size. 

The  optical  properties  of  each  sample  also  play  a  major  role  (13,  14).  Spectrometers  can  be  used 
to  analyze  the  absorption  spectra  of  resultant  QDs,  even  in  aqueous  solution.  These  spectra  show 
where  each  sample  best  absorbs  light — an  important  characteristic  in  energy  conversion  (14). 
Spectrofluorometers  also  return  a  spectrum  but  instead  show  where  the  sample  emits  its  absorbed 
energy  when  excited  at  another  wavelength.  These  luminescent  qualities  are  important  when 
using  QDs  in  other  applications  (15).  Fine-tuning  these  variables  and  learning  how  they 
correlate  with  size  are  critical  steps  to  creating  electronics  out  of  QDs.  Previous  work  has  shown 
a  possible  relationship  between  the  amounts  and  sizes  of  gold  and  silver  shells  in  alloy  NPs  and 
optical  properties  (16).  Studies  have  been  performed  on  the  correlation  between  emission  energy 
and  monometallic  quantum  dot  clusters,  but  less  work  has  been  performed  on  alloy  samples  (1 7). 
Previous  studies  have  shown  that  in  monometallic  gold  samples,  smaller  cluster  sizes  resulted  in 
higher  emission  energy,  but  it  is  unclear  whether  this  carries  over  into  alloy  samples  as  well  (18). 

While  many  studies  have  researched  the  various  characteristics  of  monometallic  quantum  dots 
and  their  optical,  structural,  and  electronic  properties,  further  progress  is  needed  when  working 
with  alloy  Au-Ag  QDs.  Both  types  of  NPs  have  the  potential  to  create  efficient  electronic 
devices,  including  light-emitting  diodes  and  solar  cells  (19).  Much  research  has  gone  into 
improving  the  efficiency  of  QD  devices,  and  the  introduction  of  alloys  could  further  this  effort 
(20,  21).  Alloy  QDs  have  already  shown  great  merit  in  biological  applications,  such  as  sensors 
and  markers  that  are  biologically  stable  in  other  organisms  (1,  22).  By  finding  correlations 
between  particle  size  and  optical  characteristics,  researchers  may  discover  a  method  for 
synthesizing  particles  with  fine-tunable  properties  for  multiple  applications. 


2.  Materials  and  Experimental  Procedure 


Pure  gold  and  silver  QDs  were  created  via  solution-phase  synthesis,  which  was  performed  by 
combining  100  mL  of  filtered  18.1-MQ  distilled  water  and  50-pL  0.01-M  sodium  citrate.  A  total 
of  50  pL  consisting  of  a  combination  of  0.01-M  AgNC>3  and  0.01-M  HAuCf  was  then  added. 

The  solution  was  prepared  in  125-mL  Pyrex  glass  beakers  with  magnetic  stir  bars  and  was  lightly 
stirred  for  1  min.  A  total  of  50  pL  of  0.01-M  sodium  borohydride,  chilled  prior  to  the 
experiment,  was  then  added  to  the  solution,  and  the  beaker  was  vigorously  stirred  for  3  min. 
Prepared  solutions  were  then  wrapped  and  stored  in  a  dark  area  pending  analysis. 
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Alloy  NP  synthesis  via  replacement  reaction  was  performed  in  similar  125-mL  Pyrex  glass 
beakers  with  magnetic  stir  bars.  Six  beakers  were  filled  with  5  mL  of  20-mM  AgNC>3  and  5  mL 
of  0.2  M,  10,000  molar  weight  polyvinylpyrrolidone  (PVP).  PVP,  a  synthetic  polymer,  is  used 
to  encase  and  protect  the  pure  Ag  NPs.  In  addition,  2  mL  of  20-mM  potassium  hydroxide  in 
pellet  form  and  83  mL  of  distilled  water  were  added.  The  solution  was  stirred  for  30  min.  Then, 
5  mL  of  0.1 -M  NaBH4,  chilled  prior  to  the  experiment,  was  quickly  injected  into  the  solution. 
The  solution  was  allowed  to  stir  for  1  h  to  complete  the  reaction,  and  the  solution  was  finally 
wrapped  and  stored  for  48  h  in  order  to  allow  the  residual  NaBLL  to  precipitate.  Afterward, 

20  mL  of  the  solution  was  poured  into  beakers  and  heated  to  100  °C.  Varying  amounts  of  1-mM 
HAuCf  were  then  added  under  heat,  which  ranged  from  3  to  5  mL,  and  were  stirred  and  heated 
for  10  min.  The  solutions  were  cooled  and  precipitated  for  24  h  and  then  finally  stored  in  a  dark 
area  pending  analysis. 

Ultraviolet- visible  (UV-Vis)  spectroscopy  for  sample  absorbance  characteristics  was  performed 
on  a  CCD  Array  Spectrophotometer.  Distilled  water  was  used  as  a  blank,  and  absorbance  levels 
were  collected  on  high  precision.  Spectrofluorometry  and  emission  level  collection  was 
performed  using  a  spectofluorometer.  Atomic  force  microscopy  was  performed  in  non-contact 
mode.  Detailed  particle  size  was  analyzed  with  a  Dynamic  Light  Scattering  Particle  Size 
Analyzer  and  a  transmission  electron  microscope. 


3.  Results  and  Discussion 


3.1  Absorbance  and  Emission  Spectra 

After  synthesis  of  both  monometallic  and  alloy  NPs,  UV-Vis  spectroscopy  was  performed  on  the 
samples.  Scans  were  run  in  the  visible  spectrum  (375-775  nm),  and  spectra  were  zeroed  at 
775  nm.  The  absorbance  spectrum,  as  shown  in  figure  1,  displays  a  direct  correlation  with  the 
amount  of  chloroauric  acid  (gold)  and  the  absorbance  peak  of  the  sample.  Pure  silver  NPs 
demonstrated  an  absorbance  of  violet  light  with  a  maxima  at  413  nm,  while  pure  gold  NPs 
demonstrated  an  absorbance  of  green  light  with  a  maxima  at  530  nm.  The  three  alloy  samples 
displayed  much  more  unique  optical  properties.  Two  out  of  the  three  alloy  samples  had  broad 
ranges  of  absorbance  instead  of  single  peaks.  As  seen  in  figure  1,  the  alloy  samples  synthesized 
with  3  and  4  mL  of  chloroauric  acid  absorbed  energy  between  375  and  508  nm.  The  alloy 
sample  synthesized  with  5  mL  of  chloroauric  matched  that  of  pure  gold  NPs.  In  general,  as  the 
amount  of  chloroauric  acid  added  to  the  solution  increased,  the  absorbance  peak  shifted  to  the 
right,  closer  to  the  pure  gold  spectrum  and  closer  to  the  red  portion  of  the  visible  spectrum.  As 
seen  with  the  5-mL  sample,  adding  too  much  gold  during  the  synthesis  process  causes  silver’s 
optical  characteristics  to  disappear  from  the  absorbance  spectra  altogether. 
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Figure  1.  UV-Vis  absorption  spectra  of  pure  Au  NP,  pure  Ag  NP,  and  varying  mixtures  of  alloy  Au-Ag  NPs,  each 
with  varying  absorbance  peaks. 

Emission  scans  were  ran  using  the  spectrofluorometer’s  built-in  “discover”  scan,  which  tested 
multiple  excitation  wavelengths  and  checked  each  for  actual  energy  emissions.  These  scans 
found  that  the  monometallic  samples  displayed  a  single  excitation  peak  and  therefore  one 
emission  peak.  For  the  alloy  samples,  the  scan  found  two  excitation  peaks  and  two 
corresponding  emission  peaks.  Emission  intensity  spectra  are  shown  in  figures  2-4.  Figure  2 
shows  emission  spectra  for  monometallic  Au  samples,  and  figures  3  and  4  show  emission  spectra 
for  the  alloy  samples.  When  pure  gold  and  alloy  samples  were  excited  with  green  light 
(495-570  nm),  both  samples  were  seen  to  emit  red  light  at  658  nm.  When  pure  silver  samples 
were  excited  with  violet  light  (410  nm),  they  emitted  violet  light  as  well,  at  around  364  nm. 
Additionally,  alloy  samples  were  seen  to  have  a  second  excitation/emission  peak.  When  excited 
at  UV  wavelengths  (10^100  nm),  alloy  samples  would  emit  violet  light  at  a  peak  wavelength  of 
435  nm. 
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Pure  Gold  Spectrofluoi  oscopv 
(Excitation  @  520nm) 


Figure  2.  Emission  spectra  of  pure  Au  NPs  and  pure  Ag  NPs.  Each  monometallic 
sample  has  a  single  excitation  wavelength,  which  results  in  a  single 
emission  peak. 


Alloy  Particle  Spectrofluoi  oscopv 
(Excitation  at  300nm) 


Figure  3.  Emission  spectra  of  alloy  Au-Ag  NPs  (excitation  at  300  nm).  Emission 
corresponding  to  Ag  energy  spectrum. 
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Alloy  Pai  tide  Spectrofluoi  oscopv 
(Exdtation  at  510mn) 


Figure  4.  Emission  spectra  of  alloy  Au-Ag  NPs  (excitation  at  510  nm).  Emission 
corresponding  to  Au  energy  spectrum. 

3.2  Atomic  Force  Microscopy  Analysis 

Atomic  force  microscopy  (AFM)  was  performed  on  alloy  Au-Ag  samples  to  check  for  the 
presence  of  particles,  the  preliminary  particle  size,  and  the  overall  size  distribution.  AFM  was 
performed  in  noncontact  mode,  and  images  were  returned  in  two  forms:  three-dimensional  (3-D) 
topography  and  two-dimensional  (2-D)  scans. 

Alloy  sample  AFM  images  concluded  the  presence  of  NPs,  as  shown  in  figures  5  and  6.  When 
measuring  via  the  z-axis,  the  particle  size  matched  data  returned  via  transmission  electron 
microscopy  (TEM)  imagery.  The  particle  diameter  was  measured  to  be  around  3  nm,  as  shown 
in  figures  7  and  8.  Particles  were  evenly  distributed  throughout  the  sample,  and  a  large  amount 
of  particles  appeared  on  a  4-  x  4-pm  scan. 


Figure  5.  Noncontact  mode  AFM  image  of  Au-Ag  alloy  NPs.  Image  shows 
3-D  topography  of  samples  in  a  4-  x  4- pm  scan.  Particles  are 
evenly  distributed  among  the  scan  area. 
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Figure  6.  Noncontact  mode  AFM  images  of  Au-Ag  alloy 
NPs.  Image  shows  2-D  scan  of  samples  at  a 
scan  size  of  4  x  4  jam.  Particles  have  formed 
evenly  throughout  the  solution  and  with  slightly 
varying  diameter. 


Figure  7. 


Height  profile  of  large  Au-Ag  alloy  particle  as  scanned  by  AFM.  Particle  radius  as  measured  along 
the  z-axis  was  4.207  nm. 
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Figure  8.  Height  profile  of  average  Au-Ag  alloy  particle  as  scanned  by  AFM.  Particle  radius  as  measured 
along  the  z-axis  was  1 .969  nm. 

3.3  Transmission  Electron  Microscopy  Analysis 

TEM  was  also  used  as  a  primary  method  to  determine  physical  characteristics.  Image  scans  were 
run  at  varying  scan  sizes,  as  shown  in  figure  9  (a-d),  from  200  to  3000  nm.  The  resulting  images 
confirm  the  synthesis  of  alloy  gold  and  silver  NPs.  The  images  also  conclude  that  particles 
formed  with  a  fairly  even  size  distribution.  Many  of  the  particles  fell  within  the  sub-10-nm 
range.  While  atomic  force  microscopy  concluded  that  some  particles  were  large  and  outside  of 
the  quantum  dot  range,  samples  scanned  via  TEM  had  an  average  particle  diameter  that  fell 
within  the  quantum  dot  range  (<15  nm).  Alloy  samples  demonstrated  average  diameters  between 
5  and  6  nm,  and  monometallic  gold  and  silver  samples  with  9.40  and  12.1  nm,  respectively. 

Alloy  samples  form  in  circular  patterns.  Some  particle  aggregation,  which  may  have  occurred 
over  time,  was  present  in  the  samples.  Images  show  that  the  NPs  often  aggregate  into  circular  or 
semi-circular  patterns.  Traces  of  undeveloped  NPs  lie  inside  of  these  semi-circular  constructs,  as 
shown  in  figure  9.  Larger  particles  seem  to  move  toward  the  exterior  of  the  circle,  while  newer 
particles  are  seen  to  form  along  the  interior  of  the  circle.  A  longer  boiling  period  during  the 
synthesis  method  may  allow  a  larger  number  of  particles  to  form. 
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Figure  9.  High-resolution  TEM  images  of  alloy  gold  and  silver  QDs  at  various  scan  sizes:  (a)  20  nm  (partially 

formed  NPs  on  the  edge  of  the  circular  pattern),  (b)  50  nm  (sample  forms  in  random  patterns  as  particle 
aggregate),  (c)  5  nm  (sample  forms  in  small  groups),  and  (d)  200  nm  (samples  form  in  semi-circular 
constructs). 


4.  Summary  and  Final  Conclusions 


Through  replacement  reactions  and  solution-phase  reactions,  both  alloy  gold  and  silver  NPs  and 
monometallic  particles  were  successfully  synthesized.  Silver  nitrate  and  sodium  borohydride 
were  combined  and  precipitated  to  create  silver  NPs,  and  chloroauric  acid  was  then  added  under 
heat  to  alloy  the  sample  with  gold  NPs.  After  synthesis,  structural,  optical,  and  electronic 
characteristics  of  the  samples  were  analyzed.  AFM,  TEM,  UV-Vis,  and  fluoroscopy  were  used 
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to  determine  average  particle  diameter,  absorbance  peaks,  emission  peaks,  and  size  distribution. 
Both  the  monometallic  and  alloy  samples  fell  within  the  necessary  size  requirement  for  quantum 
dots  when  analyzed  under  TEM.  Samples  also  exhibited  an  even  size  distribution  and  formed 
semi-circular  patterns. 

In  terms  of  optical  characteristics,  alloy  samples  displayed  absorbance  and  emission  spectra 
unique  to  those  of  pure  monometallic  samples.  Alloy  samples  had  a  much  broader  absorbance 
peak,  which  varied  depending  on  the  amount  of  chloroauric  acid  used  in  the  synthesis  method. 
Increasing  the  amount  of  chloroauric  acid,  in  general,  shifted  the  absorbance  peak  toward  the  red 
portion  of  the  visible  spectrum  (620  nm).  Optical  characteristics  also  confirmed  the  creation  of 
an  alloy  solution,  as  opposed  to  a  mixture,  due  to  the  presence  of  a  unified  absorption  peak. 

The  emission  spectra  of  these  alloy  samples  have  shown  that  these  NPs  hold  greater  potential  for 
use  in  applied  devices,  such  as  solar  cells,  because  of  two  emission  peaks.  This  means  that  they 
absorb  energy  and  become  excited  at  two  different  wavelengths  for  energy  emission,  which 
could  prove  useful  in  electronic  applications.  Mixtures  of  multiple  types  and  sizes  of  alloy 
quantum  dots  could  serve  to  absorb  and  emit  energy  on  a  wide  range  of  wavelengths  and 
therefore  increase  electronic  efficiency. 

Synthesis  and  characterization  of  alloy  quantum  dots  show  that  the  resultant  sample  could  yield 
characteristics  entirely  unique  from  the  source  elements.  In  this  scenario,  an  alloy  between  gold 
and  silver  NPs  yielded  dual  emission  spectra  and  ease  of  optical  modifications,  which  could  be 
useful  in  a  variety  of  electronic  applications. 
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List  of  Symbols,  Abbreviations,  and  Acronyms 


2-D 

two  dimensional 

3-D 

three  dimensional 

AFM 

atomic  force  microscopy 

Ag 

silver 

AgN03 

silver  nitrate 

Au 

gold 

HAuC14 

chloroauric  acid 

NaBH4 

sodium  borohydride 

NP 

nanoparticle 

QD 

quantum  dot 

TEM 

transmission  electron  microscopy 

UY 

ultraviolet 

Vis 

visible 
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